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Edited by Horst FeldmannAbstract Vacuolar H+-ATPase (V-ATPase) is an ATP-depen-
dent proton pump, which transports protons across the mem-
brane. It is a multi-protein complex which is composed of at
least 13 subunits. The Caenorhabditis elegans vha-8 encodes
the E subunit of V-ATPase which is expressed in the hypodermis,
intestine and H-shaped excretory cells. VHA-8 is necessary for
proper intestinal function likely through its role in cellular
acidiﬁcation of intestinal cells. The null mutants of vha-8 show
a larval lethal phenotype indicating that vha-8 is an essential
gene for larval development in C. elegans. Interestingly, charac-
teristics of necrotic cell death were observed in the hypodermis
and intestine of the arrested larvae suggesting that pH homeosta-
sis via the E subunit of V-ATPase is required for the cell survival
in C. elegans.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The vacuolar H+-ATPases (V-ATPases) belong to a family
of ATP-dependent proton pumps that transport protons from
the cytoplasmic compartment into the lumen of intracellular
compartments or into the extracellular compartment [1,2].
The structure of V-ATPases is known to be similar to that of
ATP synthases (or F-ATPase), which synthesize ATP using
proton gradients in mitochondria, chloroplasts and bacteria
[3–5]. The V-ATPases are composed of two domains: a periph-
eral V1 domain and an integral V0 domain [2,6,7]. The V1 do-
main is composed of eight diﬀerent subunits (subunits A–H)
and is responsible for ATP hydrolysis. The V0 domain is
composed of ﬁve subunits (subunits a, d, c, c 0 and c00) and is
responsible for proton translocation. The Caenorhabditis ele-
gans vha-8 gene encodes the E subunit of the V1 domain, which
is thought to act as a peripheral stalk of the V-ATPase [8].Abbreviations: C. elegans, Caenorhabditis elegans; V-ATPase, vacuolar
H+-ATPase; GFP, green ﬂuorescence protein; PCR, polymerase chain
reaction
*Corresponding author. Fax: +82 62 970 2484.
E-mail address: joohong@gist.ac.kr (J. Ahnn).
0014-5793/$32.00  2006 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2006.04.067The V-ATPases have been reported to carry out various
functions. They play an important role in receptor-mediated
endocytosis: V-ATPases decrease pH in the early endosomes
which is required for the dissociation of internalized ligand-
receptor complexes to recycle receptors [1,2,6]. They also func-
tion in targeting of the newly synthesized lysosomal enzymes
from the Golgi to lysosomes [2]. Moreover, V-ATPases are re-
lated to human disease. For example, the failure of urinary
acidiﬁcation by mutations in the B1 subunit gene of V-ATPase
causes distal renal tubular acidosis, which is characterized by
inappropriate alkaline urine [9,10]. Therefore, V-ATPases nor-
mally function to acidify the lumen of the kidney to make
acidic urine. V-ATPases have also been implicated in osteope-
trosis, which is a group of inherited diseases showing inade-
quate bone resorption due to osteoclast dysfunction. The
human TCIRG1 gene, which encodes an osteoclast-speciﬁc
116-kDa subunit of the V-ATPase, was reported to be mutated
in osteopetrosis patients [11]. The implication of V-ATPase to
osteopetrosis was further supported by the targeted disruption
of Atp6i, encoding an osteoclast-speciﬁc V-ATPase subunit in
mice [12].
In C. elegans, many genes encoding V-ATPase have been re-
ported. For the V0 domain, vha-1, vha-2 and vha-3 encode 16-
kDa c subunits and vha-4 encodes the 23-kDa c00 subunit
[13,14]. Particularly, four isoforms (vha-5, vha-6, vha-7 and
unc-32) of the a subunit were identiﬁed and these genes are ex-
pressed in a cell-speciﬁc manner [15]. For example, vha-5 was
expressed in the excretory cells, vha-6 was expressed in intes-
tine, vha-7 was expressed in the hypodermis, and unc-32 is ex-
pressed in nerve cells. For the V1 domain, the C subunit is
encoded by the vha-11 which is required for ovulation and
embryogenesis [16]. It has also been shown that the B subunit
is encoded by the vha-12 and the vha-12 mutants suppressed
necrosis in mechanosensory cell death due to improper cell
acidiﬁcation [17].
Previously, we had reported that vha-8 encoding the E sub-
unit of V-ATPase was mainly expressed in the H-shaped excre-
tory cells and the apical plasma membrane of hypodermal cells
[8]. RNAi targeted to the vha-8 caused ovulation defects in the
P0 generations, and embryonic lethal phenotypes in the F1
progeny. Moreover, animals treated with vha-8 RNAi showed
failure of yolk uptake by oocytes from the pseudoceolomic
cavities indicating that V-ATPase functions in the receptor-
mediated endocytosis in C. elegans. In this study, we character-
ize the role of VHA-8 in cellular acidiﬁcation in C. elegans.blished by Elsevier B.V. All rights reserved.
Fig. 1. Expression patterns of vha-8 in C. elegans. (A) Approximately
1.4 kb 5 0-upstream sequence of vha-8 and the genomic DNA of vha-8
gene were inserted into a gfp fusion vector (pPD95.75). The construct,
pYJ37, was used for the analysis of GFP expression patterns. The scale
bar indicates 100 bp. (B–E) GFP expression pattern of vha-8. (B) GFP
signal began to be detected at the threefold stage embryo. GFP signal
was detected in the hypodermis and intestine of the embryo. The scale
bar indicates 5 lm. (C–E) Strong GFP signals were detected as
punctuated patterns in the hypodermis (C), H-shaped excretory cells
(D) and intestine (E) during larval and adult stages. The scale bars
indicate 20 lm. (F and G) Immunoﬂuoresence localization of VHA-8
in the wild-type C. elegans. Aﬃnity puriﬁed VHA-8 antibodies detect
VHA-8 protein in the H-shaped excretory cells (F) and intestine (G).
The scale bars indicate 20 lm.
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2.1. C. elegans strains
The nematode C. elegans Bristol type (N2), DA768 bli-6(sc16) egl-
19(ad695) unc-24(e138)/nDf41 IV, CB1282 dpy-20(e1282) IV, HE250
unc-52(e699su250) II, CB1370 daf-2(e1370) III were obtained from
the Caenorhabditis Genetics Center at the University of Minnesota
(St. Paul, MN). The KJ487 vha-8(jh135) IV mutants which were iso-
lated in this experiment using reverse genetics method [18] were back-
crossed at least six times. The genotype of vha-8(jh135) was determined
by nested PCR using following primers; outer upstream primer 5 0-
ACAAACATCGACAAATATTCAAG-30, outer downstream primer
5 0-CTGACTTGTGGGACAATCTATAA-3 0, inner upstream primer
5 0-AAACTTGCAGAATCTACCGTATC-3 0 and inner downstream
primer 5 0-CTTCTCGAAGAATTCCATAATCT-3 0 and 5 0-ATTA-
CCTGGTTAGCAATAAGCTC-3 0. Since vha-8(jh135) mutant was
lethal, we maintained this mutant as a heterozygote [vha-8(jh135)/bli-
6(sc16) egl-19(ad695) unc-24(e138) IV]. Worm breeding and handling
were conducted as previously described [19].
2.2. Construction of GFP reporter plasmid
The cosmid C17H12 was obtained from Alan Coulson (The Sanger
Center, UK). For pYJ37, the genomic DNA fragment containing
1.4 kb of 5 0 upstream sequence and coding region of the vha-8 gene
was fused to a promoterless green ﬂuorescence protein (GFP) vector,
pPD95.75 (kindly provided by A. Fire) using the BamHI and PstI sites.
For the nuclear GFP expression of intestinal and hypodermal cells,
approximately 3.1 and 2.5 kb of the vha-6 and the vha-7 upstream frag-
ment were ampliﬁed by polymerase chain reaction (PCR) using C. ele-
gans lysate and inserted into pPD121.83 which is kindly provided by
Dr. Andrew Fire. Microinjection of fusion plasmids and transforma-
tion marker pRF4 (dominant rol-6) was performed as described [20].
2.3. Analysis of nuclear fragmentation
We have generated stable transgenic lines which express GFP signal
in the nuclei of the muscle, intestine and hypodermis. These transgenic
lines were crossed into the vha-8(jh135)/+ heterozygote males. In the
next generation, roller hermaphrodites which have the vha-8(jh135)
mutation conﬁrmed by PCR were selected and checked for GFP sig-
nals. vha-8(jh135)/+ heterozygotes transformed with GFP fusion con-
structs were successively genotyped by PCR, dead progeny
containing the GFP signal which are scored as vha-8(jh135) homozyg-
otes were selected and observed under the ﬂorescence microscope
(Olympus BX50, Carl Zeiss Axio Imager A1).
2.4. Aﬃnity puriﬁcation of CeVHA-8 antibody and immunoﬂourescence
Rabbit anti-CeVHA-8 serum was aﬃnity puriﬁed using CeVHA-
8::GST fusion protein. The CeVHA-8 antibodies were allowed to bind
to the CeVHA-8::GST proteins which were immobilized by glutathi-
one sepharose 4B (Amersham Bioscience, 17-0756-01) and washed
with 10 mM Tris (pH 8.0) more than three times. Approximately
500 ll of antibodies were successively eluted with 100 mM glycine
(pH 3.0) into the tubes containing 50 ll of 1 M Tris (pH 8.0) to make
the neutral pH. Wild-type worms were immunostained as previously
described [21] with aﬃnity puriﬁed CeVHA-8 antibodies.
2.5. RNA interference
The full-length vha-8 cDNA and an EcoRI–XhoI fragment of 1.0-kb
vha-8 cDNA were cloned into an L4440 vector (kindly provided by A.
Fire) for bacteria-mediated RNAi. Bacteria-mediated RNAi was con-
ducted as previously described [22]. Twenty to thirty hermaphrodites
of L4 or young adult stage were transferred onto plates seeded with
E. coli HT115 (DE3) strain harboring L4440 plasmids containing
vha-8 full-length cDNA. After 12–24 h at 20 C, P0 worms were trans-
ferred onto new plates, and RNAi phenotypes in P0 worms were ob-
served. Bacteria transformed with L4440 vector containing gfp was
used as a control.
2.6. Acridine orange staining
Acridine orange staining was slightly modiﬁed from a previously de-
scribed method [16]. Adult worms were incubated for 30 min in stain-
ing buﬀer (40 lM acridine orange and 1% dimethyl sulfoxide) in the
presence or absence of 25 lM baﬁlomycin A1 (Sigma). After washingwith the phosphate buﬀer three times, animals were mounted and
Nomarski images were obtained with a BX50 (Olympus) microscope.
For ﬂuorescence images, U-MWB2 ﬂuorescence mirror unit (Olym-
pus) was used.3. Results
3.1. CeVHA-8 is expressed in the hypodermis, intestine and
excretory cells
Previously, we had observed that vha-8 was mainly ex-
pressed in the H-shaped excretory cells [8]. However, the genes
encoding other subunits of V-ATPase in C. elegans have been
reported to be also expressed in the intestine, pharynx, nerve
ring, ventral nerve cord and hypodermis in addition to excre-
tory cells [13–16]. Moreover, CeVHA-8 is the only putative
E subunit of V-ATPase in C. elegans [8], indicating that CeV-
HA-8 might be expressed in other tissues or another protein
may function instead of CeVHA-8. Therefore, we have further
examined vha-8 expression patterns extensively by GFP-
tagging system and immunostaining. For the GFP-tagging
Fig. 2. CeVHA-8 functions in the intestine. (A–D) Acridine orange
staining of vha-8(jh135) mutants or vha-8 RNAi treated animals. The
larval stage of wild-type animals (A), vha-8(jh135) mutants (B), wild-
type animals treated with baﬁlomycin A1, a speciﬁc inhibitor of V-
ATPase (C), adult stage wild-type animals (D), the gfp-targeted RNAi
animal (E), and the vha-8 targeted RNAi animal (F) were stained with
acridine orange, a weak basic dye, which is accumulated into the acidic
compartments. The acridine orange was highly accumulated in the
intestine of wild-type animals (A,D) and the gfp-targeted RNAi
animals (E), but not in the vha-8(jh135) mutants (B), vha-8-targeted
RNAi animals (F) and the baﬁlomycin A1 treated wild-type animals
(C). (G–J) Intestinal defects in the vha-8 RNAi worm. (G and H) Wild
type worms fed on GFP expressing OP50. (H) shows evenly distributed
GFP signals in the entire intestine, but decreased GFP signals in the
most anterior intestinal ring. (G) Normarski image of (H) and arrows
indicate the width of intestinal lumen. (I and J) vha-8 RNAi worm fed
on the GFP-expressing OP50. (J) shows the concentrated GFP signals
in the anterior region of the intestine. (I) Nomarski image of (J), and
arrows indicate the width of the intestinal lumen which is appeared to
be enlarged compared to the wild type. The scale bars indicate 20 lm.
Y.J. Ji et al. / FEBS Letters 580 (2006) 3161–3166 3163system, the translational fusion construct harboring the full-
length vha-8 coding region as well as the promotor region
(Fig. 1A) was injected into wild-type animals. The GFP signal
was ﬁrst detected from the threefold stage of embryogenesis
during development (Fig. 1B). At the threefold stage, GFP
expression was observed in hypodermal and intestinal tissues.
During larval and adult stages, GFP was strongly detected in
the hypodermis (Fig. 1C) and intestine (Fig. 1E) as well as
the excretory cells (Fig. 1D). Expression patterns of vha-8 were
further conﬁrmed by immunostaining with aﬃnity puriﬁed
CeVHA-8 antibody. Antibody staining was detected in the
H-shape excretory cells (Fig. 1F) and the intestine (Fig. 1G)
which is consistent with the GFP expression pattern of vha-8.
3.2. CeVHA-8 is involved in cellular acidiﬁcation and proper
digestion in the intestine
It is known that V-ATPase regulates the pH homeostasis of
cellular compartments in the eukaryotic cells [1,2], and proper
acidiﬁcation of these cellular compartments via V-ATPase was
required for necrotic cell death of mechanosensory neurons in
C. elegans [17]. In order to understand the role of CeVHA-8 in
pH regulation, we stained C. elegans with acridine orange, a
weak basic dye, which accumulates in acidic compartments.
The acridine orange accumulated highly in the intestine of
wild-type animals. This accumulation was blocked by baﬁlo-
mycin A1, a speciﬁc inhibitor of V-ATPase, indicating that
acidiﬁcation of C. elegans intestine was likely achieved by
the function of V-ATPase (Fig 2A and C). Moreover, adult
animals of the P0 generation treated with vha-8 RNAi showed
signiﬁcantly less accumulation of acridine orange dye com-
pared to that of wild type or animals treated with gfp RNAi
(Fig 2D–F). This further conﬁrmed that CeVHA-8 has a spe-
ciﬁc and critical role for the function of V-ATPase in the reg-
ulation of pH homeostasis in the C. elegans intestine.
In light of this function for CeVHA-8 in the intestine, we
further examined the role of CeVHA-8 in the intestine. To ob-
serve the intestinal function, we used a GFP-expressing strain
of OP50 bacteria which is the food source for C. elegans in the
laboratory. We fed wild type animals with this GFP-expressing
OP50 along with an RNase III deﬁcient bacteria strain,
HT115, which expresses vha-8 double stranded RNA. In
wild-type animals only treated with the GFP-expressing
OP50, GFP was detected in the entire intestine, but weak near
the most anterior intestinal ring (Figs. 2G and H), indicating
that wild type worms exhibited normal digestion and absorp-
tion of GFP expressed by OP50. However, vha-8 RNAi worms
showed only strong GFP signals near the most anterior intes-
tinal ring whereas most of the remaining intestine failed to
show any GFP signal (Figs. 2I and J). Moreover, the anterior
intestinal lumen of vha-8 RNAi worms was enlarged, indicat-
ing that undigested GFP-expressing OP50 remained in the
proximal region of the intestine of vha-8 RNAi worms. There-
fore, these digestive defects suggest that CeVHA-8 is required
for the normal function of the intestine perhaps by regulating
pH homeostasis.
3.3. A vha-8 deletion mutant, vha-8(jh135), was isolated in
C. elegans
From our vha-8 RNAi experiments, we realized that VHA-8
has an indispensable role in the early development of C. ele-
gans, as RNAi treatment resulted in early embryonic lethality
in the F1 generation [8]. In order to further investigate func-tions of the vha-8 gene, we isolated a vha-8 deletion mutant,
vha-8(jh135), by a PCR-based screening of 4,5 0,8-trimethylp-
soralen-ultraviolet mutagenized library. The deletion removed
approximately 1.6 kb of the vha-8 gene from the 5 0 upstream
region to the third exon (Figs. 3A and B). The deletion region
was further conﬁrmed by nested PCR using an inner primer
that produced no PCR band in the vha-8(jh135) homozygous
mutant but detected a 1.4 kb band in a wild type or vha-
8(jh135) heterozygous animals (Fig. 3B).
Fig. 3. Isolation of vha-8(jh135) mutants. (A) The vha-8 gene contains four exons as shown by black boxes, and the thick horizontal bar indicates a
deletion region which removes the 5 0-upstream region and three exons of the vha-8 gene. (1) and (2) indicate the primer sets (shown by arrowheads)
used for genotyping the vha-8(jh135) mutations by nested PCR. (B) The ampliﬁed DNA fragments obtained from a single worm PCR, wild type
(+/+), heterozygote (+/) and homozygote (/), by using the primer sets described in A. Since homozygote (/) animals die at larval stage, we
prepared lysate using a single dead larva as a template for PCR. In case of wild type (+/+) and heterozygote (+/) lysates, we prepared using adult
worms for the PCR. Absence of ampliﬁed DNA fragment in the (/) lane of 2) primer sets conﬁrms that the worm is a homozygote. (C) Western
blot analysis using VHA-8 anti-serum. We collected about 200 dead larvae for protein preparation of homozygote (/). In case of wild type (+/+)
and heteozygote (+/), we collected about 100 adult worms for protein preparation. No VHA-8 protein was detected in the vha-8(jh135) homozygote
sample. In contrast, CSQ-1 protein (calsequestrin as a positive internal control) was detected from the same lysate, indicating that vha-8(jh135) is a
functionally null mutant.
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serum detected a single band of 29 kDa from protein extracts
of a mixed stage population of wild-type and vha-8(jh135) het-
erozygous animals (Fig. 3C). However, no protein band was
detected by anti-VHA-8 serum from vha-8(jh135) homozyg-
otes, indicating that these deletion mutants are functionally
null (Fig. 3C). The control anti-CSQ-1 serum detected a single
band of 64 kDa from the same protein extract of vha-8(jh135)
homozygotes.
3.4. vha-8(jh135) mutants show larval lethality and necrotic cell
death
We characterized homozygote vha-8(jh135) mutants for their
phenotypes. vha-8(jh135)/dpy-13(e184) unc-22m52 IV hetero-
zygotes produced approximately 24% dead larva, indicating
that vha-8(jh135) homozygotes might be larval lethal (Table 1).
Moreover, PCR from single dead larvae using the primer with-
in the deletion region produced no band, indicating that
vha-8(jh135) homozygotes are larval lethal (Fig. 3B). Interest-
ingly, vha-8 mutants survived signiﬁcantly longer than the
embryonic lethality observed in vha-8 RNAi-treated progeny.
This is likely a result of a maternal requirement for vha-8 in
the early embryo. Indeed, the vha-8 RNAi-treated P0 genera-
tion showed defects in ovulation and yolk protein uptake [8].
We also performed acridine orange staining on the L1
vha-8(jh135) mutant larvae to further conﬁrm a role for
CeVHA-8 in cellular acidiﬁcation. As expected, acridine or-
ange failed to accumulate in the intestine of vha-8(jh135) mu-
tants when compared to that of the wild-type animals,Table 1
The lethality of vha-8 mutant
Genotype of P0 Lethality (%)
a nb
vha-8(jh135)/dpy-13(e184) unc-22(m52) 24.1 ± 7.8 1775
dpy-13(e184) unc-22(m52) 2.6 ± 3.6 1500
aPercentages of dead larva among total progenies.
bn indicates the numbers of progenies which we examined.although a small accumulation was found in the proximal re-
gion of the intestine (Fig. 2B).
Strikingly, the vha-8(jh135) homozygotes began to arrest at
L1 stage exhibiting swollen vacuoles in the hypodermis of
the head region (Fig. 4B), and then the swollen vacuoles grad-
ually spread throughout the whole body. Finally, pharyngeal
pumping ceases at L2 stages with many vacuoles covering
the entire body (Fig. 4C).
These swollen vacuoles are reminiscent to those of wild-type
animals treated with hypoxia [23]. In C. elegans, hypoxia has
been reported to cause a necrotic cell death whose characteris-
tics are swollen necrotic cells and nuclear fragmentation shown
by nuclear localized GFP signals. In order to test whether the
vha-8(jh135) mutation also results in necrotic cell death, nucle-
ar localized GFP under the control of the myo-3 promoter was
expressed in vha-8(jh135) mutants. The nuclear localized GFP
were found to be fragmented in vha-8(jh135) mutants, whereas
nuclei in wild-type were round and appeared to be intact (Figs.
4D and E), indicating that necrotic cell death is occurring in
the larva of vha-8(jh135) mutants.
Because CeVHA-8 is expressed in the hypodermis, intestine
and excretory cells, we have further examined whether nuclear
fragmentation indicating necrotic cell death was also occurring
in the hypodermis and intestine by using nuclear localized
GFP. In order to express GFP in the nuclei of the hypodermal
and intestinal cells, vha-6 (for intestinal nuclei expression) and
vha-7 (for hypodermal nuclei expression) upstream sequences
were cloned into the plasmid pPD121.83 which is a promoter-
less vector containing four repeated nuclear localized signals
and gfp gene [15]. These constructs were injected into wild-type
and vha-8(jh135) mutants.
C. elegans intestine is composed of nine intestinal rings (I–IX
int ring) which are made of 20 intestinal cells. Each intestinal
ring is composed of two intestinal cells except the most ante-
rior intestinal ring which are made of four intestinal cells. In
Fig. 4G, 19 nuclei of the intestinal cells are clearly shown in
wild type larvae. The most anterior nucleus of intestinal ring
is out of focus, so the two nuclei are juxtaposed in this ﬁgure.
Fig. 4. The larval lethal phenotype of vha-8(jh135) mutants. (A–C) Nomarski images of L1 larvae of wild type (A) and vha-8(jh135) mutants (B and
C). vha-8(jh135) mutants show swollen vacuoles (indicated by arrowheads) and die at the L1 stage. In the process of dying, the number of swollen
vacuoles are increased and spread over the whole body. (D) Wild-type animals showing intact and round shaped nuclear-GFP in body-wall muscle
cells, which was expressed by pmyo-3::gfp reporter. In contrast, the vha-8(jh135) mutants (E) showing fragmented GFP signal in the nuclei of the
muscle cells (arrows and arrowheads). The F, H, J, M and P are the nomarski images of the G, I, K, N and Q, respectively. Wild-type C. elegans (G)
shows round and intact nuclei of the 19 intestinal cells and the nuclei of the most anterior intestinal ring (Int I) is slightly out of focus and juxtaposed
to the next nuclei. vha-8(jh135) mutants (I and K) show the fragmented nuclei (indicated by the arrows in I and K) in the intestinal cells, and the
shapes of nuclei are irregular. Moreover, the numbers of nuclei are decreased in the vha-8(jh135) mutants compared to the wild-type, indicating that
nuclei might have been already degraded in the vha-8(jh135) mutants. The entire body of L1 stage wild type worm (L) shows large numbers of
hypodermal nuclei. The arrowhead in (L) indicates Hyp5, Hyp 6 and H0 cell nuclei, which are very closely located to each other between the two
pharyngeal bulbs. The M and N show close-up images of wild type larvae from the posterior pharyngeal bulb to the mid-body. All the nuclei in (N)
are round and intact. In contrast, the vha-8(jh135) mutants (O and Q) show the fragmented nuclei (arrows) and decreased number of nuclei in
hypodermis. All the scale bars indicate 10 lm.
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nuclei in the intestine, vha-8(jh135) mutants show fragmented
and irregular nuclei (arrows in Figs. 4I and K), indicating that
necrotic cell death is indeed occurring in the intestine.
In hypodermis, many cells are observed at L1 stage of wild
type animal as shown in Fig. 4L with overlapping focal planes.
The arrowhead indicates the Hyp5, Hyp6 and H0, which are
very closely located to each other between two pharyngeal
bulbs. As shown in close-up images of L1 wild type larvae
from the posterior pharyngeal bulb to the mid-body (Figs.
4M and N), all the nuclei were round and intact. However,
many nuclei of vha-8(jh135) mutant nuclei shown in Figs. 4O
and Q were degraded, irregular and fragmented. The arrows
indicate fragmented nuclei at the posterior pharyngeal bulb
(O) and posterior body (Q) of vha-8(jh135) mutants, suggesting
that necrotic cell death has occurred in the hypodermal cells as
well. Thus, disruption of cytoplasmic pH via defected V-ATP-
ase may cause the necrotic cell death in C. elegans.4. Discussion
V-ATPases are known to regulate both intracellular as well
as extracellular pH. Mutation in V-ATPase subunits lead to
dysfunction at several levels in the organism. In this studywe have shown that disruption of the E-subunit of V-ATPase,
VHA-8, leads to defects in pH homeostasis in C. elegans in sev-
eral tissues including the intestine. Moreover, we employed a
novel approach using GFP-tagged bacteria to detect diges-
tion/absorption defects in the intestine of these animals.
Though the exact reason for the intestinal dysfunction is not
known, we speculate that improper acidiﬁcation may be play-
ing a role. In mammals, mutations in an osteoclast-speciﬁc
V-ATPase result in bone resorption defects which exhibit char-
acteristic of the human disease osteopetrosis. These defects are
due to improper extracellular acidiﬁcation resulting from dis-
ruption of the V-ATPase. Further study of the nematode intes-
tinal defects will determine whether this could be a genetic
model for the debilitation human disease.
We also observed larval lethality in vha-8(jh135) mutants, as
well as nuclear fragmentation and swollen vacuoles which are
characteristic of necrotic cell death. In C. elegans, several cases
of necrotic cell death have been reported. For instance, gain-
of-function mutations in mec-4 and deg-1 genes are well known
causes of the necrosis-like cell death in mechanosensory neu-
rons [24,25]. Necrotic cell deaths in mec-4(u231) and deg-
1(u506) mutants were shown to be suppressed by reduced
aspartyl protease activity in unc-52(e669su250) genetic back-
ground, indicating that speciﬁc aspartyl proteases are required
for necrotic cell death [26]. Another cause of necrotic cell-death
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of-function allele daf-2(e1370), which encodes an insulin/insu-
lin-like growth factor (IGF) receptor homolog gene [23].
To examine whether larval lethality could be a result of ne-
crotic cell death caused by disruption of V-ATPase, we gener-
ated and observed unc-52(e669su250)II;vha-8(jh135)IV and
daf-2(e1370)III;vha-8(jh135)IV double mutants. However, the
lethality of unc-52(e669su250) II;vha-8(jh135) IV and daf-
2(e1370) III;vha-8(jh135) IV double mutants were similar with
vha-8(jh135) mutants alone (data not shown). This indicated
that larval lethality in vha-8(jh135) mutants is independent of
the reduced aspartic protease activity in unc-52(e699su250)
mutants or loss-of-function allele of daf-2(e1370) mutants in
C. elegans, and may suggest that necrotic cell death is a result
of accumulated severe defects in the dying vha-8(j135) larvae.
Therefore, further investigation is needed to reveal the essen-
tial role of CeVHA-8 in the larval development.
Recently, it was reported that cytoplasmic acidiﬁcation by V-
ATPase was required in necrotic cells, indicating that V-ATPase
is required for necrotic cell death [17]. Speciﬁcally, knockdown
of vha-12 encoding a B subunit of V-ATPase suppressed necro-
tic cell death by increasing pH. However, vha-8mutants showed
necrotic cell death in several tissues such as intestine, hypoder-
mis and muscle which is not consistent with the suppression of
necrotic cell death in neuronal cells by the knock-down of vha-
12. A possible explanation could be that V-ATPase function of
acidiﬁcation of sub-celluar organelles may be required for spe-
ciﬁc neuronal degeneration, but general necrosis in other tissues
such as intestine, hypodermis and muscle may be also caused by
the failure of the proper cellular acidiﬁcation due to the com-
plete lack of functional V-ATPase.
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